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ABSTRACT
AU Mic is a young planetary system with a resolved debris disc showing signs of planet formation and two transiting warm
Neptunes near mean-motion resonances. Here we analyse three transits of AUMic b observed with the CHaracterising ExOPlanet
Satellite (CHEOPS), supplemented with sector 1 and 27 Transiting Exoplanet Survey Satellite (TESS) photometry, and the All-
Sky Automated Survey (ASAS) from the ground. The refined orbital period of AUMic b is 8.462995 ± 0.000003 d, whereas the
stellar rotational period is Prot =4.8367± 0.0006 d. The two periods indicate a 7:4 spin–orbit commensurability at a precision of
0.1 %. Therefore, all transits are observed in front of one of the four possible stellar central longitudes. This is strongly supported
by the observation that the same complex star-spot pattern is seen in the second and third CHEOPS visits that were separated
by four orbits (and seven stellar rotations). Using a bootstrap analysis we find that flares and star spots reduce the accuracy of
transit parameters by up to 10% in the planet-to-star radius ratio and the accuracy on transit time by 3-4 minutes. Nevertheless,
occulted stellar spot features independently confirm the presence of transit timing variations (TTVs) with an amplitude of at least
4 minutes. We find that the outer companion, AUMic c, may cause the observed TTVs.
1. Introduction
Very young planetary systems allow us to study planets
that recently formed or are still in the process of formation.
One of the youngest stars with a planetary system known
to date is AUMic, a ∼22 Myr-old (Mamajek & Bell 2014)
M1 star belonging to the β Pic moving group (Torres et al.
2006), which has a dynamical trace-back age of 18.5 ±
2 Myr (Miret-Roig et al. 2020). The debris disc of AU Mic
(Kalas et al. 2004) was first detected thanks to IRAS 12, 25,
and 60 µm infrared observations (Mathioudakis & Doyle
1991). The disc is seen edge-on and has a complex inner
structure, with rich substructures at the scale of 1 AU, a
central cavity in the inner 30 AU that lacks small grains,
and a prominent loop that rises 2.3 AU above the disc mid-
plane (see Wisniewski et al. 2019, for an extensive review).
These structures have been interpreted as possible tracers
of ongoing planet formation.
Combining light curves from NASA’s Transiting Exo-
planet Survey Satellite (TESS) with near-infrared radial
velocity measurements, Plavchan et al. (2020) recently an-
nounced the discovery of an 8.5-day transiting planet (AU
Mic b) that lies within the inner cavity of the disc. These
authors also found evidence for the presence of an addi-
tional planet candidate at ∼30 days. The second planet in
the system (AU Mic c) with an orbital period of about
18 days was recently confirmed based on TESS data by
Martioli et al. (2021).
Being a young M-type star, AU Mic is very active. The
TESS light curve from Sector 1 shows frequent flares su-
perimposed on a 0m. 08 (peak-to-peak) photometric vari-
ability associated with the presence of active regions car-
ried around by stellar rotation (Plavchan et al. 2020).
The distance to AU Mic is only 9.7141 ± 0.0022 pc
(Gaia Collaboration et al. 2018), making it one of the clos-
est planetary systems with a transiting planet known to
date.
The sky-projected spin-orbit angle of AUMic b has been
measured by several authors: λ = −2.96+10.44
−10.30 (Palle et al.
2020); λ = 0+18
−15 (Martioli et al. 2020); λ = −4.7
+6.8
−6.4
(Hirano et al. 2020); λ = +5+16
−15 (Addison et al. 2020).
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These measurements are all consistent with an aligned or-
bit, suggesting that AUMic b likely formed in the proto-
planetary disc that evolved into the current debris disc,
provided that the star–disc–planet components of the sys-
tem share the same angular momentum orientation.
Planets transiting magnetically active stars offer a
unique opportunity to directly map the distribution of sur-
face features, such as spots and faculae, along the tran-
sit chord (Lagrange et al. 2010). The passage of the plan-
ets in front of active regions that are spatially located
along the transit chord can induce transit timing variations
(TTVs; see, e.g. Barros et al. 2013; Mazeh et al. 2015). Dif-
ferent methods have been proposed to estimate the spot-
filling factor along the transit chord and correct for un-
occulted star spot effects (Boisse et al. 2012; Lanza et al.
2011; Dumusque et al. 2014; Rosich et al. 2020).
The CHaracterising ExOPlanet Satellite (CHEOPS) is
the first ESA space mission primarily dedicated to the study
of known extrasolar planets (Benz et al. 2021). Its 30 cm
(effective) aperture telescope enables the collection of ultra-
high precision time-series photometry of exoplanetary sys-
tems in a broad optical bandpass. CHEOPS is a pointed
mission, optimised to obtain high-cadence photometric ob-
servations for a single star at a time, and started its scien-
tific operations in March 2020 (Lendl et al. 2020).
Here we present high-precision photometric follow-up
observations of AUMic b carried out with the CHEOPS
space telescope. We aim to independently confirm the re-
cently announced transiting planet AUMic b and to im-
prove its transit parameters and radius. The paper is or-
ganised as follows. We describe the observations in Section
2 and present the data detrending and analysis in Sections
3 and 4. We discuss our results in Section 5 and conclude
in Section 6.
2. Space- and ground-based photometry
In the present paper we used CHEOPS photometry
(Sect. 2.1) complemented with TESS light curves (Sect. 2.2)
and archival ground-based photometry from the All-Sky
Automated Survey (ASAS, Sect. 2.3). The log of the ob-
servations is listed in Tables 1 and 2.
2.1. CHEOPS imagette photometry
We observed three transits of AUMic b with CHEOPS in
July, August, and September 2020. The efficiency of the ob-
servations varied between ∼55 and 90 % depending on the
aspect and duration of the Earth occultation. The bright-
ness of AUMic (V=8m. 6 and GAIA G=7m. 843; Kiraga 2012;
Gaia Collaboration et al. 2018) enabled short-cadence pho-
tometry. We scheduled continuous 15-second exposures for
the first two visits. For the third visit we reduced the in-
tegration time to 3 s to better sample and mask out flares.
Figure 1 shows a 200′′× 200′′ CHEOPS sub-array image
centred around AUMic. The CHEOPS Data Reduction
Pipeline (DRP; Hoyer et al. 2020) provides aperture pho-
tometry of these sub-array frames. Because of the satel-
lite bandwidth limitation, individual short exposures are
normally co-added before download. For observations of
AUMic, this resulted in a sub-array cadence of 30 s, even if
the cadence of individual photometric exposures is as short
as 3 s.
Fig. 1. CHEOPS 200′′× 200′′ field of view. AUMic is located at
the center while the close-by faint field stars rotate during the
observations.













CHEOPS #1 TESS S27 #1
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TESS S27 #3
Fig. 2. CHEOPS and TESS S27 observations of AU Mic in 2020.
CHEOPS#1 and TESS S27#1 were measured synchronously.
CHEOPS#2 and #3 are overplotted with TESS S27#2, as they
were observed at the same stellar longitude at different times.
TESS S27#3 is plotted alone as there are no CHEOPS obser-
vations at this stellar longitude. This figure shows CHEOPS #3
data points binned to 15 s cadence.
In addition to the sub-arrays, there are images of 30
pixels in radius centred around the target, the so-called
imagettes. These imagettes can be downloaded at a higher
cadence, typically without the need to co-add them. In or-
der to take advantage of the higher temporal cadence of the
imagettes compared to the subarrays, we developed a cus-
tom PSF imagette photometric extraction (PIPE) tool that
derives a point-spread function (PSF) from the data series,
and fits it to each imagette to extract the photometry. The
PIPE photometry is consistent with that derived from the
DRP, with comparable performance. The higher cadence is
particularly useful for resolving flares in active stars such
as AUMic.
In order to keep the cold plate radiators facing away
from the Earth, the spacecraft rolls during its orbit, caus-
ing the field of view to rotate around the pointing direc-
tion. The target star remains stationary to within typi-
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Table 1. CHEOPS observation logs. Time notation follows the ISO-8601 convention. The File Key supports the fast identification
of the observations in the CHEOPS archive.
Visit Start date End date File key CHEOPS Integ. Co-added Num. of
# product time (s) exposures frames
1 2020-07-10 09:07:24 2020-07-11 00:45:29 PR100010_TG001701 Subarray 30 15 s × 2 3597
Imagettes 15 — 7194
2 2020-08-21 19:07:06 2020-08-22 06:05:26 PR100010_TG001702 Subarray 30 15 s × 2 4422
Imagettes 15 — 8844
3 2020-09-24 16:29:54 2020-09-25 10:16:00 PR100010_TG001801 Subarray 42 3 s × 14 873
Imagettes 3 — 12222
Table 2. TESS and ASAS observation logs. Time notation follows the ISO-8601 convention.
Survey Start date End date Texp (s) Num. points Remarks
TESS S1 2018-07-25 19:12:03 2018-08-22 16:01:18 120 20066 Plavchan et al. (2020), 2 transits
TESS S27 2020-07-05 18:48:10 2020-07-30 03:33:42 20 97519 3 transits
ASAS 2001-08-21 03:09:30 2008-04-18 09:34:39 180 430 Stellar rotation
cally a pixel (Bonfanti et al. 2021). The irregular shape of
the CHEOPS point-spread function (Fig. 1) along with the
rotation of the field of view produces a variation of the
flux contamination from nearby sources in phase with the
roll angle of the spacecraft (Hoyer et al. 2020; Benz et al.
2021). We accounted for the roll angle systematics affecting
the CHEOPS light curve of AU Mic using a fourth-order
Fourier polynomial, with coefficients in the range of 0–400
ppm, as described in the Appendix. The raw CHEOPS light
curves are shown in Fig. 2.
2.2. TESS data
TESS photometrically monitored AUMic twice. Two tran-
sits were observed in Sector 1 (S1, July-August 2018)
with a 120-s cadence and presented in Plavchan et al.
(2020). Three additional transits were recently observed
by TESS during its extended mission in Sector 27 (S27,
July 2020) with a 20-s cadence. We retrieved the S1 and
S27 TESS light curves from the Mikulski Archive for Space
Telescopes (MAST) portal1. For both sectors, we down-
loaded the simple aperture photometry (SAP) light curves
detrended with the pre-search data conditioning (PDC)
pipeline (Stumpe et al. 2012), that is, the so-called PDC-
SAP fluxes.
The first transit observed by TESS in Sector 27 (here-
after transit S27#1) was also observed by CHEOPS during
its first visit (hereafter CHEOPS#1). The different band-
passes of the two instruments allowed us to study the effects
of stellar activity on the estimate of the planetary radius,
as described in the following sections.
2.3. ASAS photometry
We also used archival ground-based photometry from the
ASAS (ASAS, Pojmanski 1997). ASAS is currently moni-
toring ∼107 stars brighter than V< 14 using two wide-field
cameras in Chile (since 1997) and in Maui (since 2006). We
retrieved the ASAS time-series photometry of AU Mic from
1 https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html.
the web-page of the project2. The data set consists of 423
data points covering a time-span of about 7.5 years, from
August 2001 to April 2008. Following visual inspection of
the light curve, we removed four obvious outliers. The aver-
age scatter of the remaining 419 data points is 0.023 mag,
which hides the transits but contains the photometric vari-
ability induced by the presence of stellar spots appearing
and disappearing as the star rotates about its axis.
3. Removal of systematics and flares
The TESS and CHEOPS light curves of AU Mic show
numerous flares, with occasional peak amplitudes up to
0.1 mag superimposed on a periodic spot-induced variabil-
ity of about 0.08 magnitudes (see Fig. 1 in Plavchan et al.
2020, and Fig. 3 in this work). Flares are among the most
dominant sources of uncertainty for the parameter esti-
mates extracted from the modelling of the transit light
curves, and careful treatment of the observed transits is re-
quired. Prominent flares are observed during TESS S27#1
and S27#2 transits (see Fig. 2), with an energetic flare
occurring at the mid-time of the S27#2 transit, severely
biasing the second half of the transit light curve. During
the S27#3 transit, a series of flares also burst, distorting
the shape of the second half of the transit (Fig. 2).
Two flares are observed before and after the CHEOPS
#1 transit, which are the same as in the TESS S27#1 tran-
sit. An energetic single flare is also observed shortly after
the transit in CHEOPS#1 data with a top-to-bottom am-
plitude of 4700 ppm, while a weaker flare is present at the
ingress, more visible (1500 ppm) in CHEOPS#1 data com-
pared to TESS S27#1 photometry (1200 ppm). These flares
can bias the level of the reference brightness before and af-
ter the transit. Nevertheless, one rotation farther from the
transit, a ‘quieter’ light curve segment is observed out of
transit. In this case, we used points from the two orbits
that are one orbit apart from the transit to fit the out-of-
transit level.
As AU Mic rotates about its axis, the out-of-transit level
varies slowly with a peak-to-peak amplitude of 0.08 mag-
2 tp://www.astrouw.edu.pl/asas/.
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Fig. 3. TESS S27 light curve of AU Mic phase-folded at the
stellar rotation period (Prot=4.8367 d, T0 = 2459058.48).
nitudes, as a result of the rotating spot complexes on the
stellar surface. This is a slow systematic component from
the point of view of the transit analysis, and as a part of
the pipeline, we correct for it by (1) modelling the pattern
of this contamination in synthetic images and subtracting
it from the observations; and (2) involving a parametric
fourth-order polynomial of the roll angle to the planet fit-
ting procedure to make sure that the possible remnants of
rolling systematics are removed from the pre-cleared signal
(see the amplitude of these corrections in Table .2).
Major flares were identified as fast-increasing and expo-
nentially decreasing light-curve features exceeding the local
flux levels by at least 5σ. After removing flares and spot-
induced photometric variation from the CHEOPS light
curves, we inspected the residuals and found an additional
variability with an amplitude of up to 20% the transit depth
in CHEOPS data. The pattern is observed both in and out
of transit and could be due to low-energy flares and granu-
lation. During transits, we also expected features from oc-
culted spots in the light curve. This variability, having a
characteristic timescale of the ingress and egress duration
of the transit, has a strong impact on the depth and timing
measurements. Taking these systematics into account, we
designed a bootstrap set of transit data and re-evaluated
the precision of the planet parameter estimates, as de-
scribed in the Appendix.
4. Data analysis
4.1. Stellar rotation
The magnetically active star AU Mic has a projected rota-
tional velocity of v sin i∗ = 7.5± 0.9 km s−1 (Martioli et al.
2020). A periodic pattern is observed in the TESS S1 data
at a reported period of 4.86 d (Plavchan et al. 2020), which
is ascribable to the presence of spots combined with stellar
rotation. TESS S27 data show a rotation pattern similar
to S1 data from 2018 (Plavchan et al. 2020), with cycle-to-
cycle changes near the peak flux (Fig. 3). As in 2018, four
stellar rotations are covered by the 2020 TESS S27 light
curve.
Fig. 4. Upper panel. Generalised Lomb-Scargle periodogram of
the combined S1 and S27 TESS light curves. The red dashed
line marks the rotation period of the star. The equally spaced
peaks symmetrically distributed around the dominant frequency
are due to the ∼2-year gap between the two TESS observations.
Lower panel : Autocorrelation function of the combined TESS
light curve. The red dashed line marks the rotation period of
the star.
We masked out flares and transits of AU Mic and com-
bined the S1 and S27 TESS light curves by separately
median-normalising the two time-series. The generalised
Lomb-Scargle (GLS) periodogram (Zechmeister & Kürster
2009) of the combined TESS light curve (Fig. 4) dis-
plays a significant peak at 4.8362± 0.0002 d with a false-
alarm probability (FAP) well below 10−6. We estimated
the FAP using the bootstrap randomisation technique
(Murdoch et al. 1993). Briefly, we computed the GLS pe-
riodogram of 106 mock data sets obtained by randomly
shuffling the photometric measurements and their uncer-
tainties, while keeping the time of observations fixed. We
defined the FAP as the fraction randomised data sets whose
highest GLS power exceeds that of the original data set in
the frequency range 0.0 – 0.5 d−1. We found no false alarms
out of the 106 trials, implying a FAP< 10−6. We note that
the periodogram of the combined TESS light curves (Fig. 4)
also displays a set of equally spaced aliases that are sym-
metrically distributed around the highest peak, with a fre-
quency separation of ∼0.0014 d−1 (∼714 d). Those aliases
are caused by the ∼2-year gap between the two TESS vis-
its. We also performed a frequency analysis of each TESS
time-series separately and obtained consistent results but
with a larger uncertainty owing to the shorter baseline of
each TESS sector (about 27 days).
We also used the autocorrelation function (ACF;
McQuillan et al. 2013, 2014) method to measure the ro-
tational period of AUMic from the combined S1 and S27
TESS light curves. Briefly, the ACF technique measures the
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Fig. 5. Joint solution of the three CHEOPS transit observations, as derived following the two methods presented in Sect. 4.2. The
colors code is the same as in Fig. 2. Left upper panel. Phase-folded CHEOPS data and best fitting transit model as obtained with
pycheops. Left lower panel. Residuals to the pycheops solution. Right upper panel. Phase-folded CHEOPS data, TLCM1 best-fitting
transit model, and white (uncorrelated) noise component separated by the TLCM. Right lower panel. Correlated part of the noise.
The photometric variation is due to stellar activity and to the planet crossing active regions. All panels shows unbinned CHEOPS
data from imagette photometry.
degree of self-similarity of the light curve over a range of
lags. In the case of rotational modulation, a peak in the
ACF will occur at the number of lags corresponding to the
period at which the spot-crossing signature repeats. The
ACF of the TESS light curve displays its first two cor-
relation peaks at Prot/2≈ 2.4 d and Prot ≈ 4.8 d (Fig. 4).
The latter is the dominant peak at the rotational period of
the star. We attributed the peak at 2.4 d to a partial cor-
relation between active regions at opposite longitudes on
the stellar photosphere. As the evolution timescale of ac-
tive regions is longer than the rotation period of the star,
the ACF shows secondary correlation peaks at 3/2Prot,
5/2Prot, and 7/2Prot, as well as at 2 Prot, 3 Prot, 4 Prot,
and 5 Prot. We fitted a Gaussian function to the correlation
peak with the highest contrast and found a rotation period
of Prot = 4.8367± 0.0006 d.
We finally performed a frequency analysis of the ASAS
light curve of AU Mic (Sect. 2.3). The periodogram shows
its highest peak at a frequency of 0.20648± 0.00013 d−1,
corresponding to a rotation period of Prot = 4.843± 0.003 d.
Although the sampling of the ASAS photometry is sparse
and the noise is much higher than in case of TESS and
CHEOPS observations, results are in very good agree-
ment, suggesting that there are likely some ‘preferred lon-
gitudes’ of starspots that give rise to a stable signal over
a long time-span. Preferred longitudes have been observed
to be present regularly in the case of several active stars
(Strassmeier 2009; Berdyugina 2007), including planet-host
stars (Lanza et al. 2009; Savanov 2011), and AU Mic fits
well in this picture.
The three analyses provide consistent results well
within their nominal uncertainties. For further analysis, we
used the results with the highest nominal precision (ACF)
and adopted a rotation period of Prot = 4.8367± 0.0006 d.
Our precise estimate of the rotational period reveals
that there is a low-order commensurability between the
stellar spin and the planet’s orbital period in the AUMic
system, in the form of:
7.0× Prot = ( 4.0006± 0.0005 )× Porb. (1)
This has important consequences for our interpretation
of the measurements. As one orbit takes 1.75 stellar rota-
tions, the stellar central longitude lags exactly 90± 0.004◦
in the retrograde direction from transit to transit. As a
result, there are only four possible geometrical configura-
tions for transits that are repeating continuously. Those
transits that are separated by 4 × n × Prot orbits are
observed in front of the exact same stellar meridian, suffer
very similar systematics from transited stellar features if
the transit observations are taken close in time, and can be
directly compared (n is an integer). This is why transits
taken at different times are plotted over each other in Fig. 2.
Klein et al. (2021) used the brightness imaging tech-
nique on spectropolarimetric SPIROU data to reconstruct
the differential rotation of AU Mic from spectral line pro-
files. They found that AU Mic has a solar-like differential
rotation, with rotation periods of Peq = 4.84±0.01 d at the
equator and Ppol = 5.10± 0.15 d at the poles. Klein et al.
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Fig. 6. O − C diagram of the transit mid-times derived us-
ing an orbital period of 8.462995 days and an epoch of T0 =
2459041.28272 BJD. TESS and CHEOPS transits are shown
with red and black circles, respectively. The solid error bars
mark the fitted uncertainties (precision), while the dotted error
bars show the bootstrap errors (estimated accuracy), as derived
using simulated data sets.(Sect. 4.3).
(2021) also found that active regions seem to be distributed
on most of the stellar photosphere (see Figure 7 in their pa-
per), with a higher concentration around the equator.
We measured a stellar rotation period of
Prot = 4.8367± 0.0006 d, in very good agreement with
the equatorial rotation period found by Klein et al. (2021).
We note that our period estimate is also consistent with the
expected value based on the stellar radius of R⋆ ≈ 0.75R⊙
(Plavchan et al. 2020), and the projected rotational veloc-
ity of v sin i≈ 7.5 km s−1 (Martioli et al. 2020), assuming
that the star is seen equator-on (Wisniewski et al. 2019).
We are therefore confident that our estimate of the stellar
rotation period refers to the stellar equator.
4.2. Transit light-curve modelling
We determined the transit parameters using the pycheops
software module (Maxted et al., in prep.). pycheops uses
the qpower2 transit model and power-2 limb-darkening law
(Maxted & Gill 2019). It uses a Gaussian process (GP) re-
gression to account for the roll angle systematics, whose pa-
rameters are estimated using the out-of-transit data. Flares
can severely bias the roll angle models of systematic er-
ror and also overestimate the level of correlated noise in
the GP module. We therefore masked out the flares before
modelling the data with pycheops.
The model parameters are the transit time (Tt), the
transit depth parameter D = (Rp/R⋆)2, the transit du-
ration parameter W = (Rs/a)
√
(1 + k)2 − b2/π, and the
impact parameter b = a cos(i)/Rs. The priors are listed
in Table 3. The stellar fundamental parameters were taken
from SWEET-Cat (Sousa et al. 2018), which are the same
as in Plavchan et al. (2020). The period was kept fixed and
taken from the O −C analysis (see paragraph below). The
noise model was calculated with celerite using the white-
noise term JitterT erm(log σw) plus, optionally, a GP with
kernel SHOTerm(logω0, logS0, logQ). The same values of
log σw, logω0, logS0 and logQ are used for all the CHEOPS
data sets in the combined fit. The priors for the GP noise








TLCM2 R⋆ N(0.75, 0.03)
Teff U(3700,100)
Z U(0.019,0.02)
parameters were S0 between −30 and 0, logω between
−2.3...8, and log σ between −16 and −1. The phase-folded
CHEOPS transit light curves are shown in the left panel
of Fig. 5 along with the best-fitting transit model derived
with pycheops.
We found a significant variation of the orbital period
well above the nominal uncertainties, and also on the nom-
inal epoch of T0 = 2459041.28272BJD, depending on which
transits are actually included in the joint analysis. This is
a possible sign of TTVs, and/or severe stellar systematic
errors that bias the parameter estimates, as discussed in
the following sections. Therefore, we did not fit Porb di-
rectly, but we fitted the transit time Tt of all transits in-
dividually, extending it to TESS data from 2018 and 2020.
Subsequently, we determined the period with an observed–
calculated (O−C) analysis (see, e.g. Sterken 2005). Briefly,
the O −C analysis compares the observed transit times to
the calculated mono-periodic prediction, assuming an epoch
T0 and a trial period Pt, C = T0 + n · Pt, where n is an
integer counting the number of transits from T0. If the pe-
riod can be refined, the point distribution will have a linear
component. This way, the problem of period determination
is converted to a simple linear fit. As such, all CHEOPS
and TESS transit light curves are used to determine period
and T0. Applying the linear slope as a correction to the
trial period, we obtained P0, the best-fitting period of the
dataset. Also, the second order (a curvature) of the O − C
would show a period change. Consequently, the unexplained
residuals to the O − C have to be read in the same way as
the classical TTV diagram. Another advantage is that this
method separates the determination of the period and the
other planet parameters, so after this analysis P can be
kept fixed.
The three CHEOPS and five TESS transits led to the
following mean period of Porb = 8.462995± 0.000003 d and
T0 = 2459041.28272± 0.00033 (Table 4). We note that in
comparison with the orbital period found by Martioli et al.
(2021), this result seems to be less precise, because the
error interval increased after introducing three new points
to the previous distribution. This is a result of low number
statistics. The errors on a quantity are themselves statis-
tical variables too, and they suffer transient fluctuations
before they start converging asymptotically. In the case of
CHEOPS #1 and CHEOPS #2 observations, the transit
times coincide well (within ∼1 minute) with the linear fits
to the TESS points, but CHEOPS #3 is very inaccurate
(2.9 minutes from the linear fit to the other points). This
measurement increased the empirical scatter and scaled
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Table 4. Best-fitting parameters of AUMic b, as derived from the joint analysis of the three CHEOPS transit light curves.
Quantities marked with an asterisk are priors. The orbital period was derived using the three CHEOPS and five TESS transit
times (see Sect. 4.2 for details). The parameters are compared to the results of Plavchan et al. (2020) (P2020) and Martioli et al.
(2021) (M2021).
pycheops TLCM1 TLCM2 P2020 M2021
P [d] 8.462995 ±3 · 10−6 8.462995 (fixed) 8.462995 (fixed) 8.46321±4 · 10−5 8.46300 ±2 · 10−6
Rp/R∗ 0.0531 ±0.0023 0.0534 ±0.0006 0.0534 ±0.0006 0.0514±0.0013 0.0526
+0.0003
−0.0002









W [h] 3.48 ± 0.19 3.51 ± 0.10 3.51 ± 0.10 3.50+0.63
−0.59 3.50 ± 0.08
R⋆ [R⊙] 0.75⋆ ± 0.03 0.725 ± 0.15 0.75⋆ ± 0.03 0.75 (fixed) 0.75 (fixed)
M⋆ [M⊙] 0.50⋆ ± 0.03 0.53 ± 0.27 0.56 ± 0.06 0.50±0.03 0.50 (fixed)
Rp [R⊕] 4.36 ± 0.18 4.23 ±0.8 4.38 ± 0.05 4.29±0.20 4.07 ± 0.17
a [AU] 0.0678 ± 0.0013 0.0692 ±0.0006 0.0704 ±0.0006 0.066+0.007
−0.006 0.0645 ± 0.0013
b 0.09 ± 0.05 0.00 ±0.13 0.00 ±0.13 0.16+0.14
−0.11 0.18 ± 0.11
up the estimates on the error of the orbital period —in
a way that is consistent with the statistical behaviour of
quantities and their errors. The O − C diagram is shown
in Fig. 6 and is discussed further below in detail. For
the interpretation of the O − C diagram, and the proper
comparison of our parameter estimates with those reported
in the discovery paper (Plavchan et al. 2020), a critical
assessment of the effects of the systematics and stellar
activity is necessary.
We also modelled the CHEOPS transit light curves
with the wavelet-based Transit and Light Curve Modeller
(TLCM) (TLCM; Csizmadia 2020). TLCM uses the light curve
model of Mandel & Agol (2002) along with the quadratic
limb-darkening law. Instead of directly fitting the linear
(ua) and the quadratic (ub) limb-darkening coefficients, we
fitted their combinations u+ = ua+ub and u− = ua−ub, as
they are less degenerate with the other model parameters
and with each other than ua and ub (Brown et al. 2001).
TLCM accounts for the red noise via a wavelet-based ap-
proach (Carter & Winn 2009). This confers the advantage
that it requires only two additional parameters, namely
σw (white noise level) and σr (red noise factor)3. We es-
timated the red noise from the out-of-transit photometry.
We added a four-order truncated Fourier-series to account
for the baseline-variation caused by the rotation of the field
of view around the telescope line of sight (for details on the
baseline fitting refer to Lendl et al. 2020), which causes the
stellar images to fall on different pixels every ∼98.7 min-
utes (i.e., the CHEOPS orbital period; Benz et al. 2021).
The pixels can vary from visit to visit as the satellite is
repointed to a new target and then back to AU Mic. We
therefore used different coefficients for every CHEOPS visit.
The model parameters are the scaled semi-major axis
(a/R⋆), the planet-to-star radius ratio (Rp/R⋆), the impact
parameter (b), epoch, the noise parameters σw and σr, and
a zero-point flux level correction p0. In addition, we fitted
four cosine and four sine terms (3 transits × 8 free parame-
ters) to model the baseline variation. TLCM also determines
a stellar model based on Teff and the fitted stellar den-
sity ρ⋆ = 3π(a/R⋆)3G−2P
−2
orb(1 + q), where the mass ratio
q can be approximated with zero in the case of a planet.
The Teff –ρ isochrones are then fitted from Tognelli et al.
3 See Carter & Winn (2009) for an explanation of their mean-
ing.
(2011), which finally gives the mass and radius of the star
as a fitted parameter.
TLCM first searches for the initial best-fit values using
a genetic algorithm (Harmony Search) and refines the pa-
rameter estimates by simulated annealing. The refined val-
ues are used to initialise the Markov chain Monte Carlo
(MCMC) analysis. For the analysis of the CHEOPS transit
light curves of AU Mic, we ran 500 MCMC chains with a
thin factor of 100, until convergence was reached (this re-
quired 400 000 steps in each chain). The convergence was
checked via monitoring the Gelman-Rubin statistic of the
chains and via the estimated sample size. Table 4 lists the
inferred transit parameters and their uncertainties, which
are defined as the median and 68 % region of the credible
interval of the posterior distributions for each fitted pa-
rameter. The nominal errors are lower in the case of TLCM
models because of the separation of white and red noise,
but the accuracy of the two models is supposed to be iden-
tical.
A strong flare occurred after CHEOPS transit #1,
which significantly increased the out-of-transit flux after
the event. In principle, the red noise treatment imple-
mented in TLCM is able to correct for this flux change
but not perfectly. To assess the impact of the flare on
the planet-to-star radius, we modelled the transit twice,
first including and then masking out the data points
affected by the flare. We find that the planetary radius
decreases by 1.8 % if the data points affected by the flare
are removed from the light curve. As the 1σ relative
uncertainty of the planetary radius is about 1.05 %, this
flare introduces less than 2σ systematic uncertainty into
the planet-to-star radius ratio. As for the remaining transit
parameter, the differences are not significant, being less
than 2σ. To account for the possible bias introduced by
flares, we increased the ∼1 % relative uncertainty of the
planet-to-star radius ratio to 2%.
The parameter estimates obtained with pycheops and
TLCM1 are consistent within their 1σ uncertainties, and they
are also consistent with those of Plavchan et al. (2020) and
Martioli et al. (2021). Unbiasing the best-fitting planetary
radius for systematic errors is a non-trivial task, but the
compatibility of the results in this paper and the previ-
ous literature confirms both our solutions and the param-
eters in the previous papers. While the stellar mass and
radius estimated by TLCM from the isochrones and the tran-
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sit light curve are in good agreement with those given by
White et al. (2019) and Plavchan et al. (2020), the former
are less precise than the latter, leading to a larger uncer-
tainty on the planet’s radius derived by TLCM. This is due
to the fact that PMS stellar isochrones of M-type low-mass
stars are very close to each other.
To account for the lack of precision on the stellar mass
and radius inferred using the isochrones, we performed a
second analysis with TLCM (see Table 4) using a Gaussian
prior for R⋆ of N(0.75, 0.03). The stellar mass M⋆ was de-
rived via the log ρ⋆–Teff–metallicity relationship based on
the PMS isochrones of Tognelli et al. (2011). The results
are reported in Table 4.
The parameter estimates derived using the three meth-
ods described in the previous paragraphs agree well within
their nominal 1σ uncertainties. We adopted the results ob-
tained with the second TLCM modelling for further analy-
ses as they have the highest precision (TLCM2 in Table 4).
This provided a planetary radius of Rp = 4.38 ± 0.05 R⊕,
in agreement with the value reported by Plavchan et al.
(2020).
4.3. Accuracy of the planet parameters in the presence of
systematics
It is known that systematics on timescales comparable to
the transit duration can lead to biased parameter estimates
with uncertainties that are underestimated in the formal
precision produced by the analysis. To estimate a realis-
tic accuracy in the fundamental parameters, we designed
a parametric bootstrap and measured the stability of the
reconstructed transit parameters.
The noise model, including stellar and instrumen-
tal systematics, was simultaneously synthesised by fit-
ting third-order ARIMA models (Box & Jenkins 1976;
Saleh Ahmar et al. 2018) to the out-of-transit data after
removing the low-frequency variation due to the stellar ro-
tation signal and masking out evident flares as described in
Sect. 2.4. ARIMA models produce noise terms with partial
correlation, simulating systematic patterns in a parametric
auto-regressive process with a moving average. The model
transit light curve for AU Mic b, with the same input pa-
rameters as those obtained in Sect. 4.2, was injected into
100 different realisations of the ARIMA noise model. Earth
occultations were taken into account by omitting short seg-
ments of the light curve that are one CHEOPS orbit apart,
with an efficiency of 85%.
The transit parameters were then determined from 100
such simulations, with each fit being solved for transit
depth, duration, and transit time. The resulting parame-
ters were compared with the input transit parameters. The
transit time in the model fits has a standard deviation of 3
minutes, while the relative standard deviations were 5.5 %
in the nominal value of the relative radius and 2.0 % or 4.2
minutes in transit duration, respectively.
We conclude that the transit time can be determined
from observations with an accuracy of 3 minutes at best.
This means that fitted transit times can be expected to vary
on a timescale of ± 3 minutes simply due to the presence
of correlated noise, without any specific physical variations
in the AU Mic system.
Table 5. Transit times and planet-to-star radius ratios derived
with TLCM1 from the individual CHEOPS transits.
Transit Tt (BJD) Rp/R⋆ [TLCM]
CHEOPS #1 2459041.2828±0.0006 0.0575±0.0012
CHEOPS #2 2459083.5970±0.0004 0.0532±0.0010
CHEOPS #3 2459117.4515±0.0008 0.0525±0.0012


















Fig. 7. Planet-to-star radius ratio versus stellar rotation phase.
The red and blue circles mark the TESS and CHEOPS tran-
sits, respectively, as modelled with pyaneti. (We note that the
data points at phase 0◦ are repeated at phase 360◦ for clarity.)
The solid error bars are the nominal uncertainty (precision),
while the dotted lines are the uncertainties after accounting for
the lack of accuracy with the bootstrap method described in
Sect. 4.3.
4.4. Transit depth variation
The presence of spots on the photosphere of AU Mic has
a twofold effect on the transit depth, and therefore on the
measurement of the planet-to-star radius retrieved from the
modelling of the transit light curves.
1. Spots along the transit chord that are partially or com-
pletely occulted by the planet distort the shape of the
transit light curve: While the planet is passing in front
of a spot, the fractional loss of light is temporarily re-
duced and a positive ‘bump’ is observed in the transit
light curve (see, e.g. Sanchis-Ojeda & Winn 2011).
2. Spots that are not spatially located along the transit
chord by the time the planet passes in front of the star
reduce the brightness of the unocculted part of the stel-
lar hemisphere with respect to a spot-free surface, mak-
ing the transit appear deeper (see, e.g. Pont et al. 2008).
As the transit depth is proportional to the filling fac-
tor of the unocculted spots, transits are expected to be
deeper when the star is closer to its photometric mini-
mum.
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Both effects depend on the spot temperature contrast with
respect to the temperature of the quiet photosphere, with
their magnitude increasing at shorter wavelengths. We mea-
sured the depth and the mid-time for each transit ob-
served by CHEOPS and TESS using the code (pyaneti;
Barragán et al. 2019). We fixed the period, scaled semi-
major axis, impact parameter, and limb-darkening coeffi-
cients to the values derived from the joint analysis, while
allowing for the mid-time and depth to vary (results are
listed in Table .1). Figure 7 displays the planet-to-star ra-
dius ratio Rp/R⋆ as a function of the rotation phase of
the star. The thick lines mark the nominal uncertainties
(precision), while the dotted lines are the uncertainties as
derived using the bootstrap method described in Sect. 4.3.
We arbitrarily set the stellar rotation phase to zero at the
mid-time of the first transit observed by TESS, which oc-
curred around one of the two photometric minima of the
star. Given the 7:4 commensurability between the rotation
period of the star and the orbital period of AU Mic b, the
transits can only be observed at four rotation phases.
We find significant transit depth variations of up to
∼20 %, well above the nominal uncertainties (solid error
bars). The deepest transits are observed around the pho-
tometric minima of the star (phase 0.75 in Fig. 7), when
the spot filling factor is higher. We also detect a possible
chromatic effect. The transits observed by CHEOPS tend
to be deeper than those observed by TESS, in agreement
with the hypothesis that if the star is heavily spotted, the
transit appears deeper in the CHEOPS passband, which is
bluer than that of TESS (Fig. 7).
4.5. Active regions along the transit chord
The modelling of the CHEOPS transit light curves revealed
the presence of systematic patterns in the residuals (Fig. 5,
lower panels). These are partly due to low-energy flares
and granulation, but they can also be associated to the
occultation of starspots and faculae spatially located along
the transit chord.
Dark and bright spot-crossing events have already been
observed in several transiting systems, such as CoRoT-
2b (Silva-Valio et al. 2010), HAT-P-11 (Sasselov et al.
2010), WASP-4 (Sanchis-Ojeda et al. 2011), Qatar-2
(Močnik et al. 2017; Dai et al. 2017), and WASP-19
(Espinoza et al. 2019). These anomalies have been used
to measure the spin-orbit misalignment, that is, the an-
gle between the stellar rotation axis and the angular mo-
mentum vector of the planet. For instance, the observed
patterns of these events in the light curves of CoRoT-
2 (Nutzman et al. 2011), Kepler-17 (Désert et al. 2011),
and WASP-85 (Močnik et al. 2016) revealed a spin-orbit
alignment and a prograde orbital motion of their plan-
ets, while HAT-P-11b (Sanchis-Ojeda & Winn 2011) and
WASP-107b (Dai & Winn 2017) have been found to have
orbital planes that are misaligned with respect to the or-
bital axes of their host stars.
The AU Mic system is unique in that not only are the
observed light curve features clearly separated, but the en-
tire transit floor is continuously undulated. Whether these
structures are caused by dark spots or correspond to bright
faculae is unclear. As we always see the presence of active
areas in the transit chord, the precise radius determination
of AU Mic can only be expected from a parallel photomet-
ric (preferably both visual and infrared) and spectroscopic










































Fig. 8. Top panel : Zoom into the second half of CHEOPS#2 and
CHEOPS#3 transits (orange and blue data points, respectively)
plotted against each other, according to the phases derived from
the best-fitting joint solution (Sect. 4.2). The colour code is the
same as in Fig. 2. Middle panel : Same as in the upper panel, but
with a leftward TTV correction of 3.9 minutes applied to the
CHEOPS#3 transit (blue data points). We note that both the
egress and the structures due to occulted active regions overlap,
confirming the time shift. Bottom panel : Determination of the
time-shift with a phase dispersion minimisation analysis (see
text in Sect. 4.6).
measurement where the map of the surface can be mod-
elled with Doppler tomography. This ambiguity explains
the larger error in Rp/R⋆ from the present analysis (Ta-
ble 4) than that in Plavchan et al. (2020).
4.6. Transit-timing variation revealed by occulted active
regions
As occulted active regions systematically distort the light
curves, they are candidate sources of apparent TTVs with-
out a dynamical background (Barros et al. 2013). An espe-
cially active system such as AU Mic has to be handled with
extraordinary care, avoiding over-interpretation when com-
paring transit times before different stellar surface struc-
tures.
Fortunately, we know that CHEOPS#2 and
CHEOPS#3 transits occurred at the same stellar
longitude, which allows us to compare the transit light
curves directly. We note that by simple visual inspection,
we see that the egresses of these two transits are shifted
Article number, page 9 of 16





























Fig. 9. Upper panel : Unified CHEOPS #2-#3 transit light
curves (orange and blue data points respectively). CHEOPS
#3 transit has been corrected for TTV to the time frame of
CHEOPS #2, as in the middle panel of Fig. 8. TESS S27 #2
data not corrected for TTV are displayed with grey points. The
colour code is the same as in Fig. 2. Lower panel : Corresponding
cross-correlation analysis.
in time (see Fig. 8 for a zoom-in of the two CHEOPS
measurements).
To test the time-shift between these light curves, we
adopted a method that is very similar to the cross-
correlation. CHEOPS#2 and CHEOPS#3 datasets were
unified by shifting the CHEOPS#3 data by a shift param-
eter that was kept free during the analysis. The unified
dataset was sorted by the orbital phase variable. The free
parameter in this test is the time-lag between CHEOPS#2




〈 (fi+1 − fi)2〉, (2)
where the mean (denoted by 〈〉) was calculated in the tran-
sit bin only. Here, f is the scaled flux of the unified (origi-
nal) CHEOPS#2 and (shifted) CHEOPS#3 dataset, and i
is the rank with respect to phase.
The shape of the local scatter as a function of time-
lag has then been fitted by a fifth-order polynomial (lowest
panel in Fig. 8). The confidence level of the time shift that
takes the residuals of CHEOPS#2 to CHEOPS#3 was de-
termined by a threshold value of the minimum of the fitted
model, plus three times the standard deviation between the
model and the points. This interval (lowest panel in Fig.
8) corresponds to shifts of between 2.1 and 5.1 minutes,
which are compatible with the TTV measured from the fit-
ted models (Fig. 6).
The middle panel of Fig. 8 shows the phased transit
light curves (second half of the transit floor and egress part
magnified) after applying the time-lag correction of 3.9 min-
utes. We see that, not only do the egresses overlap, but the
undulation from occulted stellar surface structures also per-
fectly match. This confirms that (1) the observed time-lag
is really due to TTVs of the planet, and (2) the undulating
features are due to the star.
We repeated the same analysis to compare the combined
CHEOPS #2 (not TTV corrected) and CHEOPS #3 (TTV
corrected to the phase frame of CHEOPS #2) datasets ver-
sus the TESS S27 #2 transit — which shows a transit at
the same equatorial latitude but at a different time. In other
words, the combined datasets in Fig. 8 (middle panel) and
Fig. 2 (middle panel, grey dots) were compared. The result
of this comparison is shown in Fig 9. We see that the min-
imum of the correlation function is at ≈1 minute, showing
that CHEOPS #2 should be shifted by 1 minute to get
the best overlap of residuals with TESS S27 #2. However,
the uncertainty is 7 minutes, which is on the order of the
standard deviation of the TTV of AU Mic; and therefore
this comparison is not conclusive. TESS has a different ca-
dence, different passband (less sensitive to spots), and a
different precision, and is less suited to studying the effect
of occulted spots in this case.
We stress that there is also considerable out-of-transit
red noise, which is characteristic of stellar activity, and has
an amplitude comparable to the red noise component which
is specific to the transits. Therefore, the separation of red
noise from flicker and from occulted surface features is im-
possible based on monochromatic transit observations only,
and will be investigated in a future study involving ground-
based follow up observations. Although the stellar spot map
of AU Mic is unknown, the reoccurring stellar surface to-
gether with the repeating light-curve features nevertheless
confirm that the observed TTVs have a dynamical origin.
5. Discussion
5.1. A 7:4 period commensurability between the stellar spin
and the planet orbit
Low-order spin-orbit commensurability is not unexpected
in exoplanets, but there are few systems known to exhibit
this feature. A reason for the low number of detections could
be the difficulty in measuring the precise rotational periods
from long and continuous photometry. Typically, exoplan-
ets in the original Kepler field are the best-suited systems
for this kind of study. Presently, there is no universal the-
oretical framework to explain any example of a low-order
spin-orbit commensurability.
Regardless of the difficulties, similar systems have been
known for almost a decade. Walkowicz & Basri (2013) de-
termined the rotational period of a large sample of KOI
stars, and noted an overdensity at the 1:1 resonance in the
Prot– Porb parameter space, and possibly another one at
2:1. They remarked that the distribution is valid only for
large planets; while there does not appear to be a relation-
ship between stellar rotation and planetary orbital periods
for planetary candidates smaller than Rp = 6 R⊕, candi-
dates with Rp > 6 R⊕ tend to appear closer to a low-order
commensurability.
Concerning the 1:1 commensurability, the interaction of
the planet’s magnetic field was suggested to enhance the
activity at the stellar surface toward the planet (Lanza
2012). These latter authors also debated whether the mo-
tion of the spots truly reflects the stellar rotation in this
case, or rather that they move on the stellar surface by
following the planet. The example of Kepler-17 revealed a
system that is close to a perfect 8:1 spin–orbit commen-
surability (Désert et al. 2011). Another intriguing case is
Kepler-13, which was found to be in a 3:5 commensurabil-
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Fig. 10. Position of AU Mic (red dot) in the Prot – Porb
parameter space of Kepler exoplanets (small grey dots). The
low-order spin–orbit commensurability ratios are shown by
the black dotted lines. The lower envelope of the distribution
(McQuillan et al. 2013) is plotted by the blue line.
ity (Szabó et al. 2012). In this system, the suspected reason
was suggested to be a spin–orbit misalignment; at high lat-
itudes of the orbit, the star and planet move together in a
quasi-synchronous state for a considerable amount of time
and, twice per rotation, the planet resides for 8 hours within
1 degree of one of the three distinguished longitudes. In the
case of AU Mic, the explanation cannot be a spin–orbit
misalignment, as we know that AU Mic b is aligned.
Another interesting feature is the dearth of close-
in planets around rapid rotators, as recognised by
McQuillan et al. (2013). These latter authors also deter-
mined the empirical boundary of the lower envelope of the
allowed distribution. This is a purely empirical power law
that confines the majority of exoplanets, with very few
outliers being observed below it. In Fig. 10 we plot the
sample of Kepler planets and the boundary according to
McQuillan et al. (2013), and show the position of AU Mic b
in this distribution. AU Mic b is near the edge of the densely
populated area, but well within the identified boundary. In-
terestingly, AU Mic b is a small planet, smaller than the
6R⊕ limit (Walkowicz & Basri 2013), but the star is also
smaller than most stars in the Kepler sample. Furthermore,
there is an overdensity of planets in the lower left corner of
Fig. 10 at low-order spin–orbit resonances. For clarity we
show only some of them, noting that several other possible
examples can be seen by eye.
The structure of exoplanets in the Prot– Porb plane is
completely unexplained. Here, AU Mic b occupies a key lo-
cation that can help us to gain a better understanding of
planet–star interactions in general. The extreme youth of
AU Mic points to a speculative interpretation that the com-
mensurability in this system was needed for the formation
of the planet. Without a detailed theoretical explanation,
we speculate that planet–star interactions may be more fre-
quent than often recognised.
5.2. Transit timing variations explained by perturbations
from the outer planet AU Mic c
Transit timing variations are commonly observed in multi-
planet systems. The amplitude and period of TTVs is a
complex question and a full solution can only be given if
the periods of both the perturbing and perturbed planets
are known. In this section we show that the measured TTV
amplitude of AU Mic b is compatible with the perturba-
tions coming from the outer planet AU Mic c. Also, a rough
estimate of its mass can be given from a TTV analysis.
Because of the scarce sampling of AU Mic transits, we
have no exact information about the periodicity nor the
full amplitude of the TTV. We can obtain a lower estimate










where A(TTV ) and P (TTV ) are the amplitude and the
period of the TTV, and the formula makes use of simple
basic properties of the sinusoid function.
The TTV signal is thoroughly determined by
Lithwick et al. (2012); the general formulas for period and
amplitude are provided in their Eqs. 7–8. The most impor-
tant parameters are j, which measures the closest mean-
motion resonance (in the form of j : (j − 1)), and ∆,
the actual distance from the perfect resonance. Taking into
account the period of AU Mic b and that of AU Mic c
(18.858991 ± 0.000010 d, Martioli et al. (2021)), we get
j = 2 and ∆ = 0.114203, which is precise to the last digit.
Those together determine the superperiod, that is the pe-
riod of the TTV. The ratio of the orbital period of the per-
turber and the superperiod is j ×∆ ≈ 0.228, and therefore
the superperiod of a TTV signal from AU Mic c is expected
to be 82.6 d.
The TTV amplitude is scaled by the f parameter which
has an absolute value of around unity. In the case of j = 2,
it can be calculated as −1.190 + 2.20∆ = −0.9387 for AU
Mic. During the gravitational interaction, the planets per-
turb each other’s orbit predominantly through oscillations
in eccentricity. This gives a correction to f which is sum-
marised in the zfree parameter. This cannot be exactly de-
termined unless all the orbital parameters of both planets
are known. However, for the known Kepler planets, it is
found that zfree ≪ ∆, and zfree usually means only a cor-
rection on the order of 10−4 to f . Assuming the same for
AU Mic, the zfree correction can be neglected.
Substituting the exact value of f and j = 2 into Eq. 7
of Lithwick et al. (2012), and converting both sides to the











where P and µ stand for orbital period and the planet–star
mass ratio, and the b and c indices indicate the planets AU
Mic b and c.
The left term of Eq. 4 is ' 7.8× 10−5. Substituting the
observed periods of AU Mic b and c into the right-hand side
and the mass of AU Mic into the expression of µ, we finally
get Mc ≈ 12 M⊕. This value is only a rough estimate be-
cause we do not have information about the biases from the
sparse sampling, but this result is numerically very compat-
ible with the mass estimate for AU Mic c from its transit
light curve, 2.2M⊕ < Mc < 25.0M⊕ (Martioli et al. 2021).
This is evidence that the dominant factor in the TTV of
AU Mic b is the perturbations from AU Mic c.
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6. Summary
We present three transit observations of AU Mic b carried
out with the CHEOPS space telescope, combined with the
TESS light curves from Sectors 1 and 27. We analysed the
transits with two different methods, which include a GP re-
gression (pycheops) and a wavelet-based approach (TLCM).
We summarise our results below.
– By combining the CHEOPS and TESS transit light
curves, we measured an orbital period for AU Mic b
of Porb = 8.462995 ± 0.000003 d, which confirms the
previous estimate presented by Martioli et al. (2021).
The modelling of the three CHEOPS transits using
pycheops and TLCM provides a planetary radius of
Rp,pycheops = 4.36 ± 0.18R⊕ and Rp,TLCM = 4.38 ±
0.05R⊕, respectively. These results agree within 3σ
with the values found by Plavchan et al. (2020) and by
Martioli et al. (2021). The result that we obtained using
TLCM is two times more precise than previous estimates.
– Spot-crossing events and red noise arising from stellar
activity affect the transit parameters. We derived boot-
strap accuracy values of 5.5 % for the transit depth,
3 minutes for the transit mid-time, and 4.2 minutes for
the transit duration. The derived accuracy is consistent
with the observed variation of the transit parameters
retrieved from the three individual CHEOPS transits.
We also find systematic variations in the transit depth
that seem to correlate with the star’s brightness, with
the deepest transits observed around the photometric
minima of the star. These variations are very likely in-
duced by spots that are not spatially located along the
transit chord. This will be the subject of a forthcoming
separate paper.
– We measured a photometric period of Prot = 4.8367±
0.0006 d, reflecting the stellar rotation and the bright-
ness variation coming from spots close to the equator.
This period is in a 7:4 commensurability with the orbital
period of AU Mic b. As it takes 1.75 stellar rotations for
AU Mic b to complete one orbit around its host star,
the transits can only occur at four specific stellar longi-
tudes. We have observations from three of the possible
geometrical configurations.
– Because of the 7:4 commensurability between the ro-
tation period of the star and the orbital period of the
planet, during the second and third CHEOPS transits
AUMic b crossed the same stellar surface. We find that
the two transits exhibit the same sequence of dark and
bright spot-crossing events. We used these events to
measure the TTV and found a variation of ∼3.9 min-
utes on a baseline of 33 days. The presence of an outer
perturber such as AUMic c can account for the observed
TTV.
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Fig. .1. The comparison of light contamination due to the ro-
tation of the telescope (top panels), the local scatter (middle
panels) and the shape (bottom panel) of red noise as a function
of the roll angle. The different colours correspond to different
orbits. The data are well calibrated for roll angle systematics
which do not survive significantly in the red noise components
of the fit residuals.
Appendix A: Transit depth and transit times for
the individual transits with pyaneti
Table .1 shows the transit times, transit depths, and ra-
dius parameters fitted by pyaneti for individual transits
involved in the analysis in this paper. We compare the de-
rived minimum times to those of Martioli et al. (2020), and
they are general within one error interval. We also have to
note that the errors in Table .1 are derived from massive
bootstraps, as described in Section 4.1. and Section 4.3.
Bootstrap errors estimate the non-linear biases from noise
correlations, and hence, they can be significantly larger
than errors from the MCMC statistical fits. In the case
of MCMC, the statistical errors show how far our accept-
able solutions spread out from the best fit —the best fit
itself can be biased due to noise correlations, too—while
the bootstrap tells us how far the best fit can be from the
physical parameter set. Therefore, the two error definitions
are very different, and cannot be compared directly.
Appendix B: Determination of roll-angle
systematics and the accuracy in planet
parameters
Table .2 shows the value of roll-angle systematics from the
TLCM solutions. The coefficients belong to a fourth-order
polynomial in the form of
∑
sini(i×α)+ cosi(i×α), where
α is the roll angle.
Figure .1 shows the predicted photometry systematics
from the rotation of the telescope (with a period of 97.8
minutes) and the varying scattered light inside the aperture
(top panels) for the three CHEOPS visits. These values
are the output of the field star modelling algorithm in the
CHEOPS DRP, which takes into account the nearby stars
and the rotation of the telescope (Hoyer et al. 2020). This
pattern is compared to the scatter (middle panel) and the
shape (bottom panel) of the red noise decomposed by the
TLCM algorithm from the fit residuals. We can see that the
red noise highly exceeds the pattern of scattered light, while
the predicted pattern does not repeat in the residuals at all.
We also performed a correlation analysis using the plot-
ted data. We compared the predicted contamination of scat-
tered light with the measured and separated red noise com-
ponent at the same time in the actual measurements. We
found very low correlation coefficients of +0.02 (CHEOPS
#1 and CHEOPS #2) and +0.03 (CHEOPS #3), while
the value of exact 0.0 is in the 95% and 98% confidence
intervals, respectively. This shows that the calibration and
removal of rolling systematics has been done properly, and
the red noise pattern we detect is not related to instrument
systematics.
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Table .1. Transit times, transit depth, and relative planet radius derived from individual CHEOPS and TESS measurements
with pyaneti. For comparison, we show the derived transit times of Martioli et al. (2021) converted to BJD, with their published
statistical MCMC errors. Our errors are precision values derived by parametric bootstraps, the errors in Martioli et al. are MCMC
statistical errors describing the core 35% of the distribution.
Transit Tt (BJD) [This paper] Rp/R⋆ [pyaneti] Tt (BJD) [Martioli et al. (2021)]
CHEOPS #1 2459041.2828±0.0006 0.0541±0.0002 —
CHEOPS #2 2459083.5970±0.0004 0.0520±0.0002 —
CHEOPS #3 2459117.4515±0.0008 0.0515±0.0002 —
TESS S1#1 2458330.3911±0.0008 0.0546±0.0004 2458330.39046±0.00016
TESS S1#2 2458347.3174±0.0008 0.0565±0.0005 2458347.31646±0.00016
TESS S27#1 2459041.2816±0.0008 0.0517±0.0003 2459041.28238±0.00026
TESS S27#2 2459049.7457±0.0008 0.0582±0.0003 2459049.74538±0.00026
TESS S27#3 2459058.20795±0.0008 0.0548±0.0004 2452058.20838±0.00026
Table .2. Value of roll angle systematics from the TLCM solu-
tions. Values are given in ppm.
CHEOPS #1
cos1, sin1 79 + 78/− 78 208 + 132/− 141
cos2, sin2 312 + 104/− 104 9 + 104/− 104
cos3, sin3 146 + 69/− 75 −257 + 78/− 75
cos4, sin4 0 + 47/− 46 −94 + 46/− 46
CHEOPS #2
cos1, sin1 −54 + 40/− 30 30 + 53/− 55
cos2, sin2 47 + 40/− 41 29 + 32/− 33
cos3, sin3 69 + 30/− 29 41 + 33/− 33
cos4, sin4 −37 + 29/− 29 47 + 29/− 29
CHEOPS #3
cos1, sin1 92 + 46/− 49 −249 + 140/− 151
cos2, sin2 −400 + 109/− 132 −3 + 63/− 59
cos3, sin3 −19 + 64/− 59 112 + 84/− 79
cos4, sin4 215 + 46/− 46 36 + 44/− 48
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